Stomatal distribution patterns change according to leaf development and leaf water status in Salix miyabeana by Fontana, Mario et al.
Plant Growth Regulation
 
Stomatal distribution patterns change according to leaf development and leaf water
status in Salix miyabeana
--Manuscript Draft--
 
Manuscript Number: GROW-D-16-00133R1
Full Title: Stomatal distribution patterns change according to leaf development and leaf water
status in Salix miyabeana
Article Type: Original Research
Keywords: amphistomy, hypostomy, leaf area, conductance, stomatal density, willow
Corresponding Author: Nicolas Belanger, PhD
Universite du Quebec
Montreal, QC CANADA
Corresponding Author Secondary
Information:
Corresponding Author's Institution: Universite du Quebec
Corresponding Author's Secondary
Institution:
First Author: Mario Fontana, PhD
First Author Secondary Information:
Order of Authors: Mario Fontana, PhD
Michel Labrecque, MSc
Alexandre Collin, MSc
Nicolas Belanger, PhD
Order of Authors Secondary Information:
Funding Information: Fonds de Recherche du Québec - Nature
et Technologies (CA)
(2011-GZ-138839)
Dr. Nicolas Belanger
Abstract: Salix is a pioneer woody plant genus characterized by a strong plasticity in leaf
morphology. The aims of this paper were to determine stomatal distribution 1) in
mature leaves in response to environmental conditions, and 2) during leaf
development. Stomata of abaxial and adaxial faces of mature leaves of Salix
miyabeana SX67 (cultivated in short rotation coppice) were analyzed at the end of
summer 2012 and 2013 at six locations in Quebec, Canada. Within each site and
across the two growing seasons, stomatal density of abaxial faces was diluted by an
increase in area of mature leaves due to higher rainfall. For shrubs with more than one
growing season, stomatal density of abaxial faces was affected by annual rainfall,
independently of site, whereas leaf area was predominantly influenced by site but was
also modulated in part by rainfall. The number of stomata per leaf was site-specific,
independently of rainfall. These leaves were mainly hypostomatic, although those
collected on shrubs during their first growing season after coppicing (i.e. with a high
root:shoot ratio) were amphistomatic. Similarly, at early development stages (surface
area < 2.8 cm2), leaves were amphistomatic, whereas stomata on adaxial faces of
larger leaves were occluded. Nevertheless, stomatal conductance of abaxial faces
increased with leaf area, whereas stomatal density was best described by a quadratic
relationship. This strategy allows for a maximum uptake of carbon while limiting water
loss during leaf development and to adapt the morphology of mature leaves depending
on moisture and site conditions.
Response to Reviewers: COMMENTS FOR THE AUTHOR:
REVIEWER: The present study not only suggests determinations on stomatal
distribution in mature leaves but also early developmental stages in response to
Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation
environmental conditions in genus Salix.
First of all, one should say that the "materials and methods" part needs to be refreshed
in terms of clarity to understand the experimental design. However, Table 1 is good
enough to clarify the study and outcomes.
RESPONSE: The reviewer is correct. Hence, we have refreshed the Materials and
Methods section to make a clear distinction between the two different but
complementary experimental field designs, i.e. landscape and site-scale studies. We
have also made an effort to better discuss the variations between and within sites in
regard to root and stem ages of the willows (as observed in Table 1). In particular, we
have added details on within-site variations, which were not at all included in the
previous version.
REVIEWER: The data might have an upper statistical treatment in order to empower
the suggested strategy of leaf and stomata development related with environmental
conditions.
RESPONSE: We tried to perform mixed models (using leaf variables as fixed factors
and site or year as random factors). However, it did not yield significant results
(p<0.05) because the degrees of freedom are rather low, making the models not very
robust. For the same reason, it was not possible to model the results using path
analysis. Also, the magnitude of the increase in leaf area and thus abaxial stomatal
dilution following an increase in rainfall differs strongly across sites, which is mentioned
in the first paragraph of the discussion. This would normally be reflected by an
interaction between site and precipitation on leaf variables. Again, our low degree of
freedom does not allow to develop a robust model.
However, we agree that the relationships between environmental variations and
measured leaf variables were not sufficiently illustrated using ANOVA and paired t-
tests results in Table 2. For that reason, we have replaced Table 2 with an additional
figure (now Figure 2), which enables the reader to fully appreciate the relationships
between rainfall variations by site and year and the response foliar variables, i.e. leaf
area and stomatal density. Significant statistical test results are also integrated in each
figure panel of Figure 2. Table 1 was simplified in order to avoid redundancy. We hope
these changes will satisfy the reviewer.
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Abstract  14 
Salix is a pioneer woody plant genus characterized by a strong plasticity in leaf morphology. 15 
The aims of this paper were to determine stomatal distribution 1) in mature leaves in response 16 
to environmental conditions, and 2) during leaf development. Stomata of abaxial and adaxial 17 
faces of mature leaves of Salix miyabeana SX67 (cultivated in short rotation coppice) were 18 
analyzed at the end of summer 2012 and 2013 at six locations in Quebec, Canada. Within 19 
each site and across the two growing seasons, stomatal density of abaxial faces was diluted by 20 
an increase in area of mature leaves due to higher rainfall. For shrubs with more than one 21 
growing season, stomatal density of abaxial faces was affected by annual rainfall, 22 
independently of site, whereas leaf area was predominantly influenced by site but was also 23 
modulated in part by rainfall. The number of stomata per leaf was site-specific, independently 24 
of rainfall. These leaves were mainly hypostomatic, although those collected on shrubs during 25 
their first growing season after coppicing (i.e. with a high root:shoot ratio) were 26 
amphistomatic. Similarly, at early development stages (surface area < 2.8 cm2), leaves were 27 
amphistomatic, whereas stomata on adaxial faces of larger leaves were occluded. 28 
Nevertheless, stomatal conductance of abaxial faces increased with leaf area, whereas 29 
stomatal density was best described by a quadratic relationship. This strategy allows for a 30 
maximum uptake of carbon while limiting water loss during leaf development and to adapt 31 
the morphology of mature leaves depending on moisture and site conditions.  32 
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Introduction 1 
Stomata have fulfilled essential plant functions such as carbon uptake and regulation of sap 2 
flow through transpiration since the last 400 million years (Pantin et al. 2012; Raven 2002). 3 
They emerged following different transitional states that are associated to successive 4 
asymmetrical divisions of the meristem mother cells (Barton 2007). The distribution of 5 
stomata on leaf surfaces and their morphology are intrinsically linked to the phylogeny of the 6 
plant taxa (Rudall et al. 2013). Stomatal density is also dependent of leaf development stages. 7 
For example, stomatal density of Pinus sylvestris needles of mature trees was shown to be 8 
higher than needles of seedlings, whereas it was the opposite for Pinus uliginosa (Boratyńska 9 
et al. 2008). Also, stomatal density during leaf development of Helianthus annuus increased 10 
at a greater rate on the adaxial (top) face of the leaf than on the abaxial (bottom) face, 11 
although density was about the same on both faces during early development stages 12 
(Furukawa 1992). 13 
Amphistomatic plant species, i.e. with stomata on both leaf faces, such as Nicotiana 14 
tabacum and Gossypium hirsutum L. generally have a lower stomatal density on the adaxial 15 
face (Bondada and Oosterhuis 2000; Voleníková and Tichá 2001). Amphistomy is considered 16 
as an adaptation to increase CO2 diffusion within the leaf, which is a plant trait that can 17 
increase photosynthetic rate when soil water and light availability are high (Mott et al. 1982). 18 
Amphistomy and stomatal density can be modulated by environmental factors. For example, 19 
amphistomatic leaves of Eucalyptus globulus and Ambrosia cordifolia were shown to be more 20 
abundant under full sunlight (James and Bell 2000; Mott and Michaelson 1991). Also, under 21 
ambient CO2 levels, stomatal density of newly formed Arabidopsis leaves was higher than on 22 
mature leaves, whereas the opposite was observed when atmospheric CO2 levels were 23 
increased (Lake et al. 2002). Stomatal density is, in fact, usually negatively correlated to 24 
atmospheric CO2 levels, especially for hypostomatic species, i.e. stomata only on the abaxial 25 
face of the leaf (Royer 2001). Stomatal density on the abaxial face is therefore used as a proxy 26 
to estimate past atmospheric CO2 levels under which the leaf has developed. 27 
Among 32 Salix taxa studied, 26 were strictly amphistomatic (Ghahremaninejad et al. 28 
2012). Cooper and Cass (2003) showed that under xeric soil conditions, leaves of Salix 29 
planifolia subsp. tyrrellii and Salix turnorii were amphistomatic, whereas those of their 30 
progenitors were hypostomatic and had a thinner cuticle. Salix miyabeana SX67 is among 31 
cultivars producing the highest aboveground biomass yields under temperate climates and is 32 
now being used as a bioenergy woody crop (Guidi Nissim et al. 2013; Labrecque and 33 
Teodorescu 2005). Considering the importance of stomatal development on the 34 
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photosynthetic capacity and biomass yields of woody plants, we wanted to assess whether this 1 
cultivar uses a specific strategy of stomatal development/distribution to maximize carbon 2 
uptake and in turn, biomass yields. Therefore, stomata on abaxial and adaxial leaf faces of 3 
SX67 were inventoried across sites with contrasted soils and climates, whereas stomatal 4 
density and conductance of both leaf faces were assessed in relation to various leaf growth 5 
stages at a specific site. 6 
 7 
Material and method 8 
First, short rotation cultures (SRC) of willow (Salix miyabeana SX67) established at six 9 
sites in southern Quebec (Canada), i.e. Abitibi (ABI), Boisbriand (BOI), Huntingdon (HTG), 10 
Laval (LAV), Mont-Laurier (MTL) and Saint-Jean-Port-Joli (SJPJ), were visited between 20 11 
August and 10 September of 2012 and 2013 to sample mature leaves (see Table 1 for site 12 
details). Stem and root system ages as well as the number of coppices varied considerably 13 
between the study sites as the SRC were established and coppiced at different periods. Also, 14 
the ABI, BOI, MTL and SJPJ sites each had several SRC with different establishment and 15 
coppicing years. Within each of these sites in 2012, there were SRC with one year-old stems 16 
as well as SRC with stems with at least two years of age, with the same root age (ABI and 17 
MTL) or different root ages (BOI and SJPJ). These differences within a site and between sites 18 
were captured in the sampling (see stem and root ages in Table 1). For each of these SRC 19 
scenarios, leaves in the upper tier of the canopy and exposed to full sunlight were sampled in 20 
2012 and 2013 from the stem with the largest diameter of two to seven shrubs. Ten leaves 21 
were first scanned and then processed with the WinFOLIA software (WinFOLIATM Pro 22 
Version, Regent Instruments, Quebec, Canada) to determine leaf area. Also, a separate sample 23 
composed of two to five leaves was collected from the same shrubs to determine stomatal 24 
density. On each of these leaf samples, a clear nail polish was applied on the adaxial and 25 
abaxial faces in order to “mold/print” each leaf face. Once dried, the thin layer of nail polish 26 
was very carefully removed so that the leaf dry print could be used as a negative to assess 27 
stomatal density using a microscope (Ceulemans et al. 1987). For each dry print, at least two 28 
images were acquired in bright or dark fields as well as differential interference contrast 29 
modes using a Zeiss AxioImager Z1 microscope equipped with the AxioCam MRm Rev.2 kit 30 
(for the use of a camera) and the controlled AxioVision release 4.8 software. Stomatal density 31 
was estimated on each image after counting the number of stomata in an area of 0.04 mm2 (or 32 
0.02 mm2 on a few images that were usable but partially blurred). A mean value reported as 33 
the number of stomata of abaxial faces per surface area (cm2) was calculated based on the 34 
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counts of the two images or more. The number of stomata of abaxial faces per leaf was also 1 
estimated by multiplying the number of stomata of abaxial faces per cm2 with the leaf area 2 
(cm2). For adaxial leaf faces where the images had very sparse stomata or a mixture of images 3 
with no stomata or sparse stomata (see example in Fig. 1), we considered that the method was 4 
becoming too random to yield a reliable estimation of stomatal density. In this case, we 5 
preferred reporting only the ‘’presence’’ of stomata on adaxial faces. Occasionally, the thin 6 
film of nail polish was ruined while removing it from the leaf. Also, due to the handling of a 7 
high number of samples in a short period, the nail polish occasionally separated and cracked 8 
after the leaf had dried and shrunk. Finally, although the dry prints were preserved between 9 
two microscope slides, some tended to bulge before they could be analyzed on the 10 
microscope. All of these mishaps made 10 to 20% of the dry prints unusable, depending of 11 
samplings. Because it was expected that we would discard a significant number of dry prints 12 
during preparation and analysis, it was preferred to sample more leaves and prepare more dry 13 
prints than necessary at each site to yield a reasonable number of stomatal density results. As 14 
a whole, based on our leaf sampling in the field and handling in the laboratory, it was possible 15 
to yield reliable results from 6 to 17 images of abaxial faces per site at ABI, BOI, MTL and 16 
SJPJ for shrubs with one-year-old stems, and 38 to 60 images of abaxial faces per site at all 17 
six sites when combining the 2012 and 2013 leaf sampling of shrubs with at least two 18 
growing seasons.  19 
Second, during a pretest on four leaves at the MTL site shortly after bud break (i.e. mid-20 
May 2012), image analysis (17 in total) revealed that leaves were all amphistomatic and 21 
stomatal density of adaxial faces varied between 50 and 450 stomata mm-2 (results not 22 
shown). Considering varying results from leaves collected at that site during the main 2012 23 
inventory in August and September, we suspected that stomatal density of SX67 leaves 24 
evolved during the various leaf development stages. Thus, within the BOI site we developed 25 
another study to assess stomatal density and conductance of abaxial and adaxial leaf faces at 26 
different development stages. In the afternoon of 26 July of 2013, during full sunlight, five 27 
leaves exposed to sunlight were selected on the largest stems of four shrubs. For each shrub, 28 
leaves were selected to cover the maximal range in leaf area that was observed in the upper 29 
tier of the canopy. Each leaf was identified by taping the petiole. Stomatal conductance 30 
(mmol m-2 s-2) was first measured on the adaxial face of all leaves using a porometer (SC-1, 31 
Decagon, Pullman, WA, USA). The measurement of stomatal conductance of the abaxial face 32 
of the same leaf was completed 1 h after measuring its adaxial face. Leaves were then 33 
collected and brought to laboratory for the measurement of leaf area and stomatal density 34 
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using the methods described above. For each leaf, four images were acquired per face and 1 
stomatal densities measured in an area of 0.04 mm2 were averaged to estimate stomatal 2 
density of both the abaxial and adaxial faces. 3 
The effect of site (independently of sampling year) and year (2012 vs 2013, 4 
independently of site) on rainfall, leaf area and number of stomata of abaxial faces per surface 5 
area and per leaf were tested by one-way ANOVA. The effect of year, dependently of site, 6 
was tested by pairing the data by site (paired t-tests). Only data for shrubs with more than one 7 
growing season were included in the analyses.  8 
 9 
Results 10 
Rainfall amounts varied significantly with year as tested independently (i.e. year) or 11 
dependently (i.e. 2012 vs. 2013) of site, whereas it did no vary with site (Fig. 2A). For leaves 12 
sampled on stems with more than one growing season, stomatal density (or number of stomata 13 
per surface area) of abaxial faces varied by almost two-fold across the sites and sampling 14 
years, whereas leaf area varied by more than four-fold across sites but within the same 15 
sampling year (Figs. 2B & 2C). Site significantly affected leaf area, independently of year, 16 
and year significantly affected leaf area, dependently of site (Fig. 2B). Stomatal density of 17 
abaxial faces was significantly affected by year, independently or dependently of site (Fig. 18 
2C). Site did not significantly affect stomatal density of abaxial faces. The number of stomata 19 
per leaf on abaxial faces, which varied by more than three-fold across sites and within a 20 
growing season, was significantly affected by site, independently of year, but it was not 21 
significantly influenced by year (Fig. 2D). 22 
At the beginning of the 2012 growing season, the presence of stomata on adaxial faces 23 
was systematically observed on all leaves sampled at the MTL and SJPJ sites (results not 24 
shown), whereas they were observed on mature leaves at the HTG, MTL and SJPJ sites only 25 
in 2013, 2012 and 2013, respectively (Table 1). Stomata were reported on adaxial faces 26 
during both years only at the LAV site. Images with stomata on adaxial faces at these sites 27 
had a very low count, i.e. 1 to 5 stomata per image. Thus, we did not calculate stomatal 28 
density per se. Also, about 50% of the leaf samples at LAV had no stomata on adaxial faces, 29 
whereas 70% to 80% of the samples at HTG, MTL and SJPJ had no stomata on adaxial faces. 30 
Conversely, stomata on adaxial faces of mature leaves were systematically observed the year 31 
following coppicing (i.e. one-year-old stems), whereas leaves at the MTL and ABI sites were 32 
three and four times the size of those collected on older shrubs from the same SRC (Table 1, 33 
Fig. 2B).  34 
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As a whole, stomata on adaxial faces were larger than stomata on abaxial faces (shown 1 
for the BOI site, Figs. 3 and 4). However, the study of stomatal density and conductance in 2 
relation to leaf development stages at the BOI site showed that these variables presented 3 
higher values on abaxial faces than on adaxial faces (Figs. 5 and 6). Stomatal conductance of 4 
abaxial faces increased asymptotically with leaf area (adj. R2 = 0.78, Fig. 5), whereas a 5 
quadratic relationship between stomatal density of abaxial faces and leaf area was found (adj. 6 
R2 = 0.79, Fig. 6). Leaves at the earlier development stage (i.e. with surface areas of 1.2-2.2 7 
cm2) had lower stomatal density and conductance on abaxial faces compared to more mature 8 
and larger leaves (i.e. with surface areas of ≥2.8 cm2), whereas the opposite pattern was 9 
observed for adaxial faces (Figs. 5 and 6). Stomatal density and conductance of abaxial faces 10 
increased strongly with leaf area until a surface area of about 10 cm2 (Figs. 5 and 6). Stomatal 11 
conductance of adaxial faces decreased abruptly to 30-50 mmol m-2 s-1 when leaves reached a 12 
surface area of 2.8 cm2 (Fig. 5). Beyond this value, practically no stomata were detected on 13 
adaxial faces (Fig. 6). Thus, the same shrub either had stomata on abaxial faces only or 14 
stomata on both abaxial and adaxial faces, depending on leaf development stages and sizes. 15 
 16 
Discussion 17 
Higher rainfall increases leaf area for various species (e.g. Salix herbacea) and may decrease 18 
stomatal density within site (e.g. Fagus sylvatica - Stojnić et al. 2015, Marcysiak 2012). 19 
Hence, stomatal density of several species is diluted under wetter conditions. For example, 20 
this was observed in a pot experiment for Leymus chinensis or in the field for Triticum 21 
aestivatum (Xu and Zhou 2008; Zhang et al. 2006). Conversely, Xu and Zhou (2008) reported 22 
a decrease in stomatal density under the most severe drought for Leymus chinensis, which, in 23 
this case, was considered as an adaptation to water stress. Similarly, stomatal density of 24 
abaxial faces of 29 Salix species in the Himalayas and Southwestern mountains of China 25 
increased with increasing soil moisture across locations (Chen et al. 2008). In our study, the 26 
amounts of rainfall received across the sites were not significantly different (Fig. 2A). 27 
However, rainfall increased enough between the 2012 and 2013 growing seasons to 28 
significantly dilute stomatal density within sites. This dilution effect varied substantially 29 
across sites (Figs. 2B & 2C), likely because water limitations have influenced leaf growth 30 
differently due to site-specific soil properties (e.g. clay content). Also, air temperature may 31 
influence stomatal density on abaxial face of several species (e.g. for Vaccinium myrtillus 32 
(Woodward 1986)). In our study, significant differences in air temperature were observed 33 
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between sites (results not shown), but no site-specific adaptation could be detected in regard 1 
to stomatal density. 2 
Despite that leaf area significantly increased from the 2012 to 2013 growing seasons 3 
within sites (i.e. as indicated by a t-test paired by site), the magnitude of leaf area was rather 4 
specific to site, independently of year (as indicated by one-way ANOVA, Fig. 2B). Under 5 
different vapor pressure treatments, number stomata per leaf of Toona ciliata was related to 6 
leaf area (Carins Murphy et al. 2014). For Triticum aestivum, water shortage reduced leaf size 7 
and concomitantly the number of stomata per leaf (Quarrie and Jones 1977). In contrast, the 8 
number of stomata per leaf of abaxial faces of SX67 was roughly constant at each site, 9 
whether annual variation in leaf area and stomatal density were large or not (both being 10 
oppositely affected by rainfall, Fig. 2). This suggests that the number of stomata per leaf of 11 
abaxial faces would be fixed by site specificities, independently of the amount of rainfall 12 
received. 13 
Kouwenberg et al. (2004) showed that increases in needle area of Tsuga heterophylla 14 
resulted in a lower stomatal density, but only until the needle reached about half of its final 15 
size. For the second half of needle expansion, stomatal density became relatively constant. 16 
The quadratic relationship between leaf area and stomatal density of abaxial faces at the BOI 17 
site suggests such a dilution effect only for the second half of leaf expansion (Fig. 6). It could 18 
therefore be assumed that leaf maturation was exacerbated by a higher amount of rainfall 19 
received during the 2013 growing season. However, the largest leaves at the BOI site also 20 
tended to have a higher stomatal conductance (Fig. 5), which suggests a greater water vapor 21 
exchange rate per stomata area than the less developed leaves. This could be due to a larger 22 
stomatal aperture or to a higher efficiency of the more mature stomata for gas exchange. In 23 
both cases, this is observed during the final stages of leaf maturation. It is normally assumed 24 
that stomatal conductance depends on stomatal density. However, Lawson and Blatt (2014) 25 
argued that the relationship between stomatal density and water vapor exchange rate is not 26 
straightforward because the responses of stomatal metabolism to physical variations in the 27 
environment (which can be counteracted by stomatal characteristics) are not fully elucidated. 28 
The hydraulics of a leaf is influenced by the balance between transpiration and water 29 
demand for leaf expansion (Pantin et al. 2012). Coppicing of SX67 at these sites suddenly 30 
increases the root:shoot ratio and in turn, water limitation for leaf development is dramatically 31 
lowered, especially during the first growing season following the coppice for which wood 32 
productivity is decreased (Fontana et al., 2016), probably limited carbon uptake to some 33 
degree. Thus, for one-year-old stems, SX67 leaves were systematically amphistomatic and 34 
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leaf area was considerably increased compared to shrubs that have a root system of the same 1 
age but stems with at least two growing seasons (i.e. at the ABI and MTL sites, Table 1, Fig. 2 
2B). For SX67 leaves collected on stems with at least two growing seasons at four sites, few 3 
shrubs sampled were amphistomatous (Table 1) and stomatal density of adaxial faces tended 4 
to be lower relative to leaves sampled from one year old stems (results not shown). Leaf 5 
development stage was therefore likely driving, at least in part, the presence or absence of 6 
adaxial stomata as a strategy to maximize carbon uptake when soil water availability is 7 
sufficient and to prevent water loss through transpiration when soil water availability is an 8 
issue. Indeed, Pantin et al. (2012) stated that “the control of leaf growth switches from a 9 
metabolic to a hydromechanical limitation during the course of leaf ontogeny”. As in our 10 
study, Cooper and Cass (2003) observed that stomatal distribution and density of abaxial and 11 
adaxial faces of Salix planifolia subsp tyrrellii leaves strongly varied within the same 12 
population. They also suggested that amphistomaty of some Salix species from the dry 13 
Athabasca sand dunes of central Canada was likely a phenotypic adaptation to the 14 
environmental conditions.  15 
At the BOI site, hypostomatic and amphistomatic leaves of SX67 were observed on the 16 
same stem (Figs. 3, 4 and 6). However, only the less developed leaves were amphistomatic 17 
and favored the carbon uptake relative to the larger hypostomatic leaves. In addition, at the 18 
earlier stage of leaf development, water loss from the adaxial faces was likely small due to the 19 
low surface areas of the leaves. There was also clear evidence for larger stomata and a lower 20 
stomatal density on adaxial faces compared to abaxial faces (Figs. 1, 3, 4 and 6). Larger 21 
stomata and lower stomatal density are characteristic of water saving and may explain the 22 
lower stomatal conductance of adaxial faces. For example, larger stomata coupled with lower 23 
densities in desert grass (Lasiurus scindicus) were considered as an adaptation to reduce 24 
transpiration (Naz et al. 2006). Also, stomatal density of Populus alba genotypes had a larger 25 
effect on stomatal conductance than the size of stomata (Abbruzzese et al. 2009).  26 
At the later stages of leaf development, adaxial stomata were no longer detectable. We 27 
believe that adaxial stomata were occluded by wax deposits (Figs. 1 and 3). Further analyses 28 
such as imaging on cross-sections could confirm this mechanism. The low stomatal 29 
conductance on adaxial faces of the more mature leaves support this hypothesis (Fig. 5). The 30 
fact that conductance remained at about 200 mmol m-2 s-1 despite the absence of stomata 31 
likely reflects transpiration through the cuticle. Stomatal occlusion by waxes was frequently 32 
observed on several conifer species and on abaxial faces of evergreen broad leaves (e.g. 33 
Eucalyptus regnans) over several growing seasons (Franich et al. 1977; Trimbacher and 34 
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Egkmullner 1997; England and Attiwill 2006). Rapid stomatal occlusion on abaxial faces was 1 
also reported for Populus trembuloides within a single growing season, although the intensity 2 
of the mechanism varies from year to year (Maňkovská et al. 2005), likely due to annual 3 
variations in climatic conditions. Under xeric soil conditions, stomatal occlusion by wax 4 
deposit on leaves of three Populus cultivars was observed on abaxial faces of less developed 5 
leaves (Pallardy and Kozlowski 1980). Stomatal occlusion on abaxial faces of mature leaves 6 
is thus generally a characteristic that allows the plant to decrease water loss at the expense of 7 
carbon uptake. Our study, however, did not suggest such a pattern. The occlusion of adaxial 8 
stomata occurred concomitantly with an increase in stomatal density of abaxial faces and leaf 9 
area, suggesting a strategy of SX67 to maximize carbon uptake shortly after bud burst by 10 
deploying amphistomatic leaves and to prevent water loss before leaf maturity by occluding 11 
stomata on adaxial faces. This appears as an optimal strategy to allocate as much carbon as 12 
possible in the early stages of leaf development (i.e. for the whole canopy in the spring 13 
(results not shown)) or for leaves that develop tardily (Fig. 3). Stomata can however subsist 14 
on adaxial faces when water limitation is insignificant, e.g. when the root:shoot ratio is very 15 
high (as discussed previously, Table 1).  16 
To our knowledge, this is the first time that such a strategy is reported. It highlights the 17 
impressive morphological plasticity of this willow cultivar (SX67) to control water loss 18 
during leaf development and also once the leaves have reached full maturity. This is the likely 19 
reason explaining that SX67 is well adapted to dry conditions and is one of the woody plant 20 
species producing the greatest aboveground biomass yields in Canada (Guidi Nissim et al. 21 
2013; Labrecque and Teodorescu 2003). However, this study only provides a first insight on 22 
this strategy, which is susceptible to complex changes due to environmental conditions and 23 
phenology. Further studies should be conducted to elucidate whether this specific strategy of 24 
leaf and stomata development is featured on other woody species (or on specific genotypes 25 
and cultivars). This new information could guide the deployment of woody plantations that 26 
will be better adapted to climate change and increased droughts.  27 
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Fig. 1 Microscopic images of adaxial faces of mature SX67 leaves collected at the HTG, LAV 
and SJPJ sites at the end of the 2012 and 2013 growing seasons illustrating low stomatal 
densities (A) and stomatal occlusions (white circles) (B) 
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Fig. 2 Rainfall (A), leaf area (B) and number of stomata of abaxial faces per surface area (C) 
and per leaf (D) for the 2012 (white bars) and 2013 (black bars) growing seasons. Leaf area 
and number of stomata of abaxial faces per surface area and per leaf for stems with one 
growing season (grey bars) are also shown for sites where the data are available (i.e. ABI, 
BOI, MTL and SJPJ).  
 
  
 
 
 
  
 Fig. 3 Microscopic images of adaxial faces of SX67 leaves at the BOI site illustrating small 
leaves with high stomatal densities (A) and more developed (larger) leaves with stomatal 
occlusions and no active stomata (B) 
 
  
  
  
 
Fig. 4 Microscopic images of abaxial faces of SX67 leaves at the BOI site illustrating small 
(A) and more developed (larger) (B) leaves with high stomatal densities and no indication of 
stomatal occlusions 
.  
  
 Fig. 5 Stomatal conductance of abaxial (full circles) and adaxial (open circles) faces of SX67 
leaves at the BOI site in relation to leaf area. The dashed line indicates the 2.8 mm2 leaf area 
threshold for the decline and stabilization of stomatal conductance of the adaxial faces of the 
leaves to a value of about 200 mmol m-2 s-1 
 
  
 Fig. 6 Stomatal density of abaxial (full circles) and adaxial (open circles) faces of SX67 
leaves at the BOI site in relation to leaf area. The dashed line indicates the 2.8 mm2 leaf area 
threshold for the decline of stomatal density of the adaxial faces of the leaves to a value near 0 
 
 
Table 1 Location of study sites, rainfall, leaf area, stem and root ages of SX67 shrubs during 
sampling years, numbers of shrubs sampled and number of images acquired for stomata 
analysis, and stomatal density on abaxial and adaxial faces 
Site Latitude Longitude Year 
Stem 
age 
Root 
age 
No. of shrubs for 
stomata analysis 
No. of images 
used for analysis 
of abaxial face 
Stomata on 
adaxial face 
(years) 
ABI 48.65852 -77.635812 
2012 1 5 3 11 3 of 3 
2012 4 5 5 35 Not observed 
2013 5 6 3 12 Not observed 
BOI 45.629525 -73.89309 
2012 1 3 3 17 3 to 3 
2012 4 8 6 19 Not observed 
2013 5 9 3 17 Not observed 
HTG 45.144667 -74.142097 
2012 3 14 7 34 Not observed 
2013 4 15 3 16 1 of 3 
LAV 45.553382 -73.833063 
2012 6 8 5 36 3 of 5 
2013 7 9 3 14 1 of 3 
MTL 46.455658 -75.498268 
2012 1 5 2 6 2 of 2 
2012 4 5 5 30 1 of 5 
2013 5 6 2 8 Not observed 
SJPJ 45.844108 -73.632014 
2012 1 4 2 6 2 of 2 
2013 2 5 3 12 1 of 3 
2012 3 3 5 29 Not observed 
€Rainfall was estimated for each location from April to August using the BioSIM model (Régnière 1996). 
£Values in parentheses are coefficients of variation expressed in percentage. 
‡Leaf samples to measure surface area were different from those used to measure stomatal density. However, they were 
sampled from the same stems. 
The shaded areas indicate the four sites (i.e. ABI, BOI, MTL and SJPJ) where one-year-old stems were sampled.  
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